Mitigating agricultural water pollution requires changes in land management practices and the implementation of on-farm measures to tackle the principal reasons for water quality failure. However, a paucity of robust empirical evidence on the hydrological functioning of river catchments can be a major constraint on the design of effective pollution mitigation strategies at the catchment-scale. In this regard, in 2010 the UK government established the Demonstration Test Catchment (DTC) initiative to evaluate the extent to which on-farm mitigation measures can cost-effectively reduce the impacts of agricultural water pollution on river ecology while maintaining food production capacity. A central component of the DTC platform has been the establishment of a comprehensive network of automated, web-based sensor technologies to generate high-temporal resolution empirical datasets of surface water, soil water, groundwater and meteorological parameters. In this paper, we demonstrate how this high-resolution telemetry can be used to improve our understanding of hydrological functioning and the dynamics of pollutant mobilisation and transport under a range of hydrometerological and hydrogeological conditions. Furthermore, we demonstrate how these data can be used to develop conceptual models of catchment hydrogeological processes and consider the implications of variable hydrological functioning on the performance of land management changes aimed at reducing agricultural water pollution.
Introduction
Diffuse pollution from agriculture is a major driver behind the degradation of freshwater systems, causing an array of detrimental economic (Färe et al., 2006; Popp et al., 2012; Pretty et al., 2003) and environmental (Hilton et al., 2006; Skinner et al., 1997; Smith et al., 1999) impacts that threaten the ability of these systems to provide ecosystem services (Némery and Garnier, 2016; Quinton et al., 2010) . In the European Union, the response to this issue has been to implement the Water Framework Directive (WFD; 2000/60/EC) which requires member states to achieve good qualitative and quantitative status of all surface, subsurface and marine waterbodies up to 1 nautical mile offshore. These waterbodies are divided into River Basin Districts (RBDs) based on river catchment area. National governments within each RBD are required to produce a holistic river basin management plan to provide a clear strategy and timeframe for how the status of waterbodies within the RBD will be improved from source to mouth (Hering et al., 2010; Voulvoulis et al., 2017) .
Achieving reductions in agricultural pollution within RBDs requires changes in land management and the implementation of mitigation measures to tackle the principal reasons for water quality failure. However, a paucity of robust empirical evidence on the hydrological functioning of individual river catchments, particularly in relation to the dynamics of pollutant mobilisation and transport under a range of hydrometerological and hydrogeological conditions, can be a major constraint on the design of effective pollution mitigation strategies at the catchment-scale (Allen et al., 2014; Harvey and Gooseff, 2015; Rode et al., 2016) . For example, the porosity and permeability of catchment bedrock affects aquifer storage properties and the support of river baseflow (Cook, 2015) ; the type, thickness and hydraulic conductivity of superficial geological deposits affects shallow groundwater movement and the transport of leached pollutants (Nolan and Hitt, 2006) ; the composition of the hyporheic zone determines groundwater-surface water interactions and the movement and storage of pollutants across and within the riverbed (Gomez-Velez and Harvey, 2014; Rode et al., 2015; Newcomer et al., 2018) ; river channel morphology, sinuosity, gradient, stream order and connectivity impact upon hydrological functioning and the speed of pollutant transport (Garnier et al., 2002) ; within-channel processes such as the growth of macrophytes and bacterial communities impact upon the interception, utilisation and consumption of nutrients (Withers and Jarvie, 2008) ; whilst the climate regime controls the temporal dynamics (i.e. flushing) of dissolved and particulate pollutants through catchments (Halliday et al., 2012; Halliday et al., 2014) .
Of particular interest here the hydrogeology of catchments affects both pollutant mobility within the environment and its delivery pathway from source to receptor and this consequently affects within-river pollutant behaviour (Dupas et al., 2015; Dupas et al., 2016) . It is especially important to understand how the hydrogeology of a catchment impacts upon pollutant travel times, which can range from minutes for rapid surface flow paths to decades for slower subsurface routes (Bowes et al., 2015; King et al., 2015) . Constructing a detailed understanding of pollutant transport is essential when it comes to assessing the effectiveness of targeted pollutant mitigation measures, as judgements made without the context of pollutant travel times could result in measures incorrectly being assessed as a success or failure before sufficient time has passed for the pollutant to reach the receptor (Allen et al., 2014) .
Established in 2010, the Demonstration Test Catchment (DTC) platform is a UK government initiative funded by the Department for Environment, Food and Rural Affairs (Defra) working in four English catchments to evaluate the extent to which on-farm mitigation measures can cost-effectively reduce the impacts of agricultural water pollution on river ecology while maintaining food production capacity (McGonigle et al., 2014) . Each DTC focuses on a different type of farming system, namely, intensive arable (River Wensum DTC, Norfolk), upland livestock (River Eden DTC, Cumbria) and mixed farming (River Avon DTC, Hampshire; River Tamar DTC, Devon/Cornwall). Research outputs from the DTCs have included assessments of the effectiveness of a biobed (Cooper et al., 2016a) , cover crops and non-inversion tillage (Cooper et al., 2017) , farm track resurfacing (Biddulph et al., 2017) and constructed wetlands (Cooper et al., 2019) as mitigation measures for reducing agricultural pollution. Research has also explored the factors controlling nutrient transfers to agricultural headwater streams (Lloyd et al., 2016a; Lloyd et al., 2016b; Outram et al., 2016; Perks et al., 2015) , hydrochemical responses of rivers to extreme weather events (Cooper et al., 2015c; Ockenden et al., 2017; Outram et al., 2014) , the impacts of invasive species on water quality (Cooper et al., 2016b) and the apportionment of sources of fluvial sediments to soils eroding under different land uses (Collins et al., 2013; Cooper et al., 2015a; Cooper et al., 2015b) .
A central component of the DTC platform underlying this previous research has been the establishment of a comprehensive network of automated web-based sensor technologies to generate high-temporal resolution empirical datasets of surface water, soil water, groundwater and meteorological parameters. Whilst numerous catchment-scale environmental research programmes (e.g. Critical Zone Observatories) have been established across Europe (Garnier and Billen, 2016; Vuorenmaa et al., 2018) and the United States (Brantley et al., 2017; Kim et al., 2017) in recent years, only a few have managed to produce comprehensive datasets of environmental variables at the 15-30 min resolution of the DTC platform over timescales of >5 years. The near unprecedented level of detail generated by such an intensive monitoring network means the DTCs are uniquely placed to deliver advancements in our understanding of hydrological functioning at the catchment-scale (Covino, 2017) .
Focusing on the River Wensum DTC, the aim of this paper is to demonstrate how such high-resolution data can be used to improve our understanding of hydrological functioning and pollutant pathways and, in turn, how this can be used to develop conceptual models of catchment hydrogeological processes (e.g. Harvey and Gooseff, 2015; Rode et al., 2016 ). This paper:
(i) presents the experimental design of the River Wensum DTC for generating high-resolution datasets of river water, groundwater, soil water and meteorological parameters; (ii) contrasts the temporal and spatial dynamics of these hydrological parameters in areas with contrasting geology and soil type over six hydrological years (2011) (2012) (2013) (2014) (2015) (2016) (2017) ; (iii) develops conceptual models of catchment hydrogeological processes informed by high-resolution empirical datasets; (iv) considers the implications of hydrogeological characteristics for the implementation of on-farm mitigation measures to reduce agricultural pollution 2. Material and methods
River Wensum
The (Fig. 1) . In total, it drains an area of 660 km 2 and has a mean annual discharge of 4.1 m 3 s À1 near its outlet (CEH, 2017) and annual baseflow indices (BFI) ranging from 0.5 to 0.9. In 1993, a 71 km stretch of the Wensum from South Raynham to Hellesdon Mill, Norwich, was designated a whole-river Site of Special Scientific Interest (SSSI) in recognition of it being one of the best examples of a lowland calcareous river system in the UK (Sear et al., 2006) . In 2001, the Wensum was given further European Special Area of Conservation (SAC) status due to the diversity of its internationally important flora and invertebrate fauna. However, the ecological condition of the Wensum is in decline, with 99.4% of the protected habitat considered to be in an unfavourable or declining state due, primarily, to excessive sediment and nutrient loadings from agriculture and sewage treatment works (Grieve et al., 2002; Sear et al., 2006) . Arable agriculture dominates land use across the catchment (63%) and it is due to the impact of agriculture on water quality that the River Wensum was chosen as one of four DTC study catchments by the UK government.
Blackwater Drain sub-catchment
The Wensum catchment comprises 20 sub-catchments, one of which, the 19.7 km 2 Blackwater Drain, represents the area intensively studied as part of the River Wensum DTC and provides the focus of this paper. For monitoring purposes, the Blackwater Drain is further divided into six mini-catchments named A to F, across which there is a pronounced contrast in the superficial geology and soil type (Fig. 1) . The western section (mini-catchments A + B) is underlain by a complex sequence of Mid-Pleistocene chalky, flint-rich, argillaceous glacial tills of the Sheringham Cliffs (Bacton Green Till Member; 0.2-7 m depth) and Lowestoft (Lowestoft Till Member; 8-16 m depth) Formations, with interdigitated bands of glaciofluvial and glaciolacustrine sands and gravels (Table 1 ; Fig. 2 ). In turn, these are superimposed onto the quartzite-rich marine sands and gravels of the Lower Pleistocene Wroxham Crag Formation (16-22 m depth), which overlies the Cretaceous Chalk (>22 m depth). The Chalk, which has a mean storage coefficient of 0.064, transmissivity of 685 m 2 d À1 and effective fracture porosity of 1-2%, serves as the principal aquifer for this region, supplying $40% of public water supply in East Anglia and up to 90% in some rural areas of north Norfolk (Hiscock et al., 2001; Toynton, 1983) . Within the river valley, Holocene-age alluvium and river terrace deposits overlie this sequence (Hiscock et al., 1996) . The soils in this western section are predominantly clay loams of the argillic brown earths (Freckenham series) and stagnogley (Beccles series) groups which, together with the argillaceous tills, result in moderately impeded drainage conditions in the western section of the sub-catchment. In contrast, the eastern section (mini-catchments C + D) is more freely draining with sheets of glacial outwash sands and gravels of the Mid-Pleistocene Briton's Lane Formation (0.2-7 m depth) overlying the clay-rich Bacton Green Till Member (6-10 m depth) (Table 1; Fig. 2 ). As with the western section, the Sheringham Cliffs Formation tills contain interdigitated higher permeability, glaciolacustrine sands (8-10 m). Underlying this is a comparatively thin layer of chalky, argillaceous till of the Lowestoft Formation (10-12 m depth), which in turn overlies glaciofluvial, glaciolacustrine and glaciogenic sands, gravels and tills of the Happisburgh Formation (12-17 m depth). Lastly, as in the western section, the Wroxham Crag Formation (17-22 m depth) overlies Cretaceous Chalk (>22 m depth) (Lewis, 2014) . The soils in the eastern section are predominately freely draining, sandy loams of the brown sands (Hall series) and brown earth (Sheringham series) groups.
Topographically, the Blackwater Drain sub-catchment is ideally suited to arable farming, being 30-50 m above sea level and having gentle slopes that rarely exceed 0.5°of inclination. As such, land use is dominated by intensive arable cultivation, ranging from 60% on the lower fertility sandy loam soils of mini-catchment C, to 92% on the fertile clay loam soils of mini-catchment A. Winter wheat, winter and spring barley, sugar beet, oilseed rape and spring beans are the dominant crop types, with these being grown in a seven-year rotation across much of the western half of the subcatchment. The remainder of the land use is comprised of improved grassland (12%), rough grassland (2%), mixed woodland (11%), freshwater (<1%) and rural settlements (1%).
Experimental design 2.3.1. Meteorological monitoring
Meteorological data at 15-min resolution are generated from two weather stations installed at sites A and D (Fig. 1 ). These record precipitation via tipping-bucking rain gauges, alongside measurements of temperature, wind speed, humidity and net solar radiation. In addition, five further tipping bucket rain gauges distributed across the sub-catchment also record precipitation at 15-min intervals and these data are compiled into a single master record based on the median of the five records. All weather station data are uploaded to web-based servers in near real-time via wireless telemetry (Meteor Communications Ltd.; Isodaq Technology). Precipitation and temperature records are compared against the UK Met Office 1981-2010 monthly averages for this area based on a weather station at Coltishall, Norfolk (Met Office, 2017).
Riverine monitoring
At the outlet of the six Blackwater Drain mini-catchments (A -F), a bankside monitoring station makes semi-continuous measurements of river water quality parameters at 30-min resolution (Figs. 1 and 3 & S4-S8). All monitoring stations measure temperature, conductivity, pH, turbidity, dissolved oxygen and ammonium via multi-parameter sondes (YSI 6600) mounted in flow-through cells. In addition, two larger monitoring stations at sites E and F measure nitrate-N (Hach Lange Nitratax SC optical probe), total phosphorus (TP) and total reactive phosphorus (TRP) (Hach Lange Sigmatax SC combined with Phosphax Sigma). River stage is measured using pressure transducers housed in stilling wells (Impress IMSL Submersible Level Transmitter) and this is converted into river discharge via stage-discharge rating curves constructed from manual flow gauging with an open-channel EM flow meter (Figs. S2 and S3) . Discharge values are presented within 95% confidence intervals generated from the non-linear least-squares regression rating curve (Outram et al., 2014; 2016) . As with the meteorological data, all data are uploaded to a web-based server in near real-time via wireless telemetry (Meteor Communications Ltd.).
Groundwater monitoring
Groundwater data are generated from two sets of boreholes which capture the influence of the different geologies between the eastern and western parts of the catchment. which records temperature and pressure at 15-min resolution and is manually downloaded every 2-3 months and barometrically compensated by linear interpolation using the barometer located at each borehole set (BARO, Schlumberger).
Hyporheic zone monitoring
To provide an insight into catchment hydrological connectivity, groundwater-surface water interactions within the hyporheic zone were monitored via a network of 15 piezometers installed across five locations along a 1.6 km reach of the Blackwater Drain upstream of monitoring site E (Fig. 1) . At each site, three drivetip, galvanised steel piezometers with a screened tip section containing a filter membrane (Marton Geotechnical Services LTD) were installed to depths of 0.5, 1.0 and 1.5 m beneath the riverbed. At approximately monthly intervals between April 2016 and January 2017, the piezometers were evacuated using a hand siphon pump before being allowed to refill over a period of $3 h. Following incubation, piezometer water column heights were measured to calculate infiltration rates and estimate the hydraulic conductivity of the subsurface sediments beneath the riverbed. Sediment coring was also undertaken at all piezometer sampling sites at the 0.5 m and 1.0 m depths to facilitate particle size analysis and measurements of bulk density and porosity to determine the nature of the hyporheic zone deposits.
Soil water monitoring
Soil moisture content data are generated at 15-min resolution through 10 capacitance-based soil moisture probes installed across the mini-catchments ( Fig. 1) , which measure percentage water content and temperature at 10 cm intervals at 10-90 cm depth. Wireless telemetry is used to upload the data in near real-time to a web server for utilisation (ADCON Telemetry). Furthermore, most of the arable land in the western Blackwater catchment on clay-rich soils is extensively under-drained by a dense network of plastic and concrete agricultural field drains installed in a herringbone layout at depths of 1.0-1.5 m during numerous phases of land drainage over past decades. Across mini-catchment A, 143 drains were identified discharging soil water directly into the river at a density of 43 outflows per km. A further 18 drain outflows were identified in mini-catchment B at a density of 16 per km. Grab samples (1 l) of this soil water were collected from a subset of 17 drains in mini-catchment A at approximately weekly intervals and the drain flow rate (L s
À1
) recorded at the time of sampling. Of these 17 drains, 14 underdrain clay and clay loam soils, while just three underdrain sandy loam soils reflecting the reduced requirement for artificial drainage under higher permeability soils.
Data analysis
Hydrograph separation was conducted following application of the Boughton two-parameter algorithm approach (Chapman, 1999) to river discharge data in order to derive baseflow discharge (m 3 s À1 ) for each location. The separation algorithm is as follows: where Q b is baseflow discharge; k (0.99) and C (0.1) are recession constants; i is the time-step; and 240 represents the 5 day integration period over which baseflow is calculated (i.e. 30 min data Â 5 days = 240 half hour measurements). The baseflow index (BFI) was subsequently calculated as the ratio of baseflow discharge to total discharge. Annual rainfall runoff coefficients were calculated as the ratio of total discharge volume across the catchment area (mm) to annual precipitation totals (mm). A catchment water balance equation was used to calculate evapotranspiration, E T , as follows:
where P is precipitation; S R is surface water runoff; G R is groundwater discharge; and DS is the change in soil and groundwater storage. Groundwater storage coefficients (S) were calculated as follows:
where Dh is the amplitude of annual groundwater level change in the shallow borehole (i.e. MLBH4; PFBH4).
Results and discussion

Meteorological parameters
Annually, precipitation totals varied from a low of 632 mm during the 2016/17 hydrological year (October -September), 6% below the 1981-2010 average for this area (674 mm; (Met Office, 2017) , to a high of 742 mm during the 2015/16 hydrological year, 10% above average (Table 2 ). July 2013 (11 mm) and May 2014 (120 mm) were the driest and wettest months, respectively, with these receiving 20% and 253% of the average monthly precipitation (Fig. 4) (Fig. 5) . This was followed by 16 months of near average temperatures before a sustained warm period from April 2015 to June 2017 recorded 23 out of 27 months with above average temperatures. The mean temperature during this warm period was 1.2°C above the long-term average. December 2015 was the warmest month relative to average with monthly mean temperatures 6.7°C higher, whilst March 2013 was the coldest month relative to average with temperatures 4.3°C lower. The highest maximum recorded temperature was 32.8°C on the 1st July 2015, with the lowest minimum temperature of À16.6°C recorded on the 16th January 2013.
Surface hydrology
Total annual river discharge volumes at the outlet of minicatchment A (5.4 km 2 ), which drains the lower permeability Bacton Green Till Member deposits, ranged from 5.09 Â 10 5 m 3 a ), which drains the higher permeability sands and gravels of the Briton's Lane Formation, mean annual river discharge was 20% higher than The permeable sandy glacial deposits within minicatchment C result in lower surface water runoff during winter due to greater direct recharge to groundwater, and higher flows during the summer due to greater baseflow input to total runoff. This contrasts with mini-catchment A, where river flows are higher during winter due to increased surface water runoff from the less permeable argillaceous glacial deposits, and lower during the summer due to a lower baseflow input to total runoff. At the Blackwater Drain sub-catchment outlet (site F; 19.7 km 2 ), total annual river discharge ranged from a low of 2.14 Â 10 6 m 3 a À1 in 2011/12 to a high of 3.94 Â 10 6 m 3 a À1 in the following hydrological year 2012/13. This equates to a total discharge depth across the whole sub-catchment of 109-200 mm, respectively, and annual rainfall runoff coefficients of 0.16-0.31. The low flows in 2011/12 can be attributed to low precipitation totals during the winter recharge period (Fig. 7) which resulted in total discharge volumes during October -March accounting for just 48% of the annual flow compared to an average of 78% during the following five years. 
À1
Groundwater hydrology
Mean annual groundwater levels recorded at both the Merrisons Lane and Park Farm sites (Fig. 8) were lowest at all depths (4-50 m) during 2011/12 and highest during the following hydrological year (2012/13). Additionally, groundwater levels at both sites were always 2.6-7.2 m above the river water level and thus the Blackwater Drain was gaining water from either upwelling through the riverbed or through groundwater discharging into the river at field drain outflows (e.g. Brunner et al., 2011) . However, the degree of temporal variability observed in groundwater levels These observations reflect the lower storage coefficient of the argillaceous Bacton Green Till Member and Lowestoft Formation at Merrisons Lane (see Section 3.6) which make groundwater levels here more responsive to antecedent conditions (i.e. wetting and drying) at monthly to annual timescales as there is a smaller volume of effective water stored within these superficial deposits (Allen et al., 1997; Jones et al., 2000). Conversely, the higher storage coefficient of the sandy Briton's Lane, Sheringham Cliffs and Happisburgh Formations result in greater effective water storage and thereby lower sensitivity to antecedent conditions at these medium timescales. At hourly-to-daily timescales, however, groundwater levels at Park Farm respond much faster to precipitation events due to the higher permeability of the sands, thus resulting in greater high-frequency variability within the Park Farm record.
Water strike depths recorded during the drilling of the boreholes in February 2011 revealed the top of the saturated aquifer formations at this time (Table 3) . At Merrisons Lane, water strikes were recorded at $5 m depth in both the Sheringham Cliffs Formation glacial sands and Bacton Green Till Member, where inflow rates were slow-moderate and very slow, respectively. Deeper water strikes occurred at 14.7 m in the Lowestoft Formation (slow inflow rate), 16.3 m in the Wroxham Crag Formation (fast inflow rate) and at 21.5 m in the regional Chalk aquifer. At the Park Farm boreholes, water strikes were recorded at $ 5 m in the Briton's Lane Formation (slow -very slow inflow rates), at 11.6 m in the Happisburgh Formation (moderate inflow rate) and at 17.2 m in the Chalk (moderate inflow rate).
Hyporheic zone
The physical properties of the hyporheic zone sediments recorded at the five piezometer locations are summarised in Table 4 . All locations were in the western section of the Blackwater Drain associated with the lower permeability glacial deposits and the majority of sites at 0.5 and 1.0 m depth were comprised of either sandy clay loam or clay sediments. Bulk densities across the sites ranged from 0.19 to 2.36 g cm À3 and porosities from 2.6 to 34.8%, whilst hydraulic conductivities ranged from a low of 5.2 Â 10 À6 m s À1 to a high of 6.2 Â 10 À3 m s
À1
, but there was no evidence of seasonality during the April 2016 to January 2017 monitoring period. Piezometer recharge rate also remained fairly consistent with depth across the 0.5-1.5 m profile, although mean conductivities were significantly higher at site 5 lower down the catchment, indicating higher rates of groundwater movement at this site. Piezometer recharge rates are usually related to the antecedent conditions within the catchment, thus explaining the greater than two orders of magnitude range of values recorded at individual sites and depths. Nevertheless, most of the values recorded here fall within the range expected (10 À4 -10 À5 m s À1 )
for sediments with clay contents of 9-58%, based on a previous study by Shevnin et al. (2006) who modelled hydraulic conductivity using resistivity data for sediments with increasing clay content. Some of the lower hydraulic conductivities (i.e. 10 À6 m s À1 ) could possibly be caused by smearing of the piezometer tip during installation and may not be an accurate reflection of groundwatersurface water interactions.
Soil water
Soil moisture content recorded in the sandy loam soils and sandy deposits developed on the Briton's Lane Formation at site F display a pronounced seasonal cycle of spring/summer drying and autumn/winter wetting throughout the 90 cm depth profile (Fig. 9a) . Mean soil moisture content for the entire monitoring period steadily increased with depth from 49.0% at 10 cm depth to 56.6% at 90 cm depth, with the shallower depths exhibiting greater seasonal variability. At 10 cm depth, mean monthly soil moisture contents ranged from a low of 42.9% in August when evapotranspiration rates are high, to a maximum of 54.3% in December following autumn rewetting. This compares with mean monthly soil moisture contents at 90 cm depth of 55.9% in August and 57.7% in December, reflecting reduced evapotranspiration losses during the summer at deeper depths.
During storm events, distinct differences arise in the rewetting profile of clay loam (Fig. 9b ) and sandy loam (Fig. 9c ) soils, which reflect the impact of soil structure upon subsurface flow paths. The example presented here for the 7-13th March 2013 following 53 mm of rainfall, reveals that on the freely draining, light, sandy loam soils in the eastern Blackwater Drain sub-catchment, rainwater readily infiltrates down through the top 90 cm, with soil moisture content increasing from 36.8 to 41.7% at 10 cm depth and from 43.5 to 49.5% at 90 cm depth. In contrast, on the heavier clay-loam soils in the western part of the catchment, infiltration is severely impeded below 20 cm depth by the clay-rich Bacton Green Till Member deposits, such that there is no discernible increase in soil moisture content below this depth. It is also noted that the top 20 cm in clay loam soil exhibits a substantially larger response ($23% increase in moisture content) to the rainfall event than the sandy loam soil ($5% increase) indicating an increased risk of soil saturation and surface runoff generation. Similarly, the moisture peak at 20 cm occurs $10 h earlier on the sandy loam soil reflecting a faster infiltration rate and thus a reduced risk of initiating surface flows.
For the subsurface agricultural field drains (Fig. 10) , soil water discharges into the Blackwater Drain varied depending upon season and antecedent moisture conditions. Most drains dried up completely between April and September as groundwater levels across the catchment fell below the depth of the drains; this depth being below $41.5 m a.s.l. at the Merrisons Lane boreholes. The highest drain discharge (2.96 l s ), revealing increased potential for the direct quickflow transport of pollutants into the river through this preferential pathway. The mean drain catchment area was also significantly (p < 0.05) higher under clay/clay loam soils (2.0 ha; r = 1.9 ha) than sandy loam soils (0.4 ha; r = 0.4 ha), which intuitively suggests that this difference was responsible for the greater discharge observed under heavier textured soils. However, drain discharge and drain catchment area were weakly and insignificantly correlated (R 2 = 0.07; p = 0.40) implying causality is unlikely. Instead, it is probable that the lower drain flows observed under sandy soils are a result of infiltrating precipitation bypassing the drain network as it percolates freely down to the shallow groundwater. Under clay soils, infiltrating precipitation is impeded from reaching the shallow groundwater table, meaning more water remains in the surface soils where it can enter into field drainage and be exported via quickflow into the river network bypassing the deeper geology ( 
Storm event responses
Fluvial hydrographs displaying typical storm event responses at sites A, C and F are shown in Fig. 11 for example summer (June 2016) and winter (November 2012) events. During the summer storm event on the 23 June 2016, 29.6 mm of rainfall fell in just 4 h with a total of 48 mm of rainfall falling over the whole seven day period shown (23-29 June). In response, river discharge increased 30-fold at site A, 12-fold at site C and 10-fold at site F between pre-event conditions and peak flow conditions. The larger, flashier response at site A reflects the greater proportion of surface runoff in mini-catchment A (lower BFI) compared to mini-catchment C (higher BFI), where a more permeable superficial geology allows for greater infiltration and groundwater recharge. Furthermore, the time between precipitation onset and peak discharge was 6 h 45 min at site A, 3 h 15 min at site C and 5 h 15 min at site F. This slower response time in minicatchment A reflects the lower permeability of the clay-rich soils and glacial deposits, which correspondingly slows the flow of event water (i.e. soil through-flow) into the river.
During the winter storm event in late-November 2012, three main bands of precipitation delivered a total of 48 mm of rainfall over 7 days (24-30 November) resulting in three distinct peaks in the hydrograph at sites A, F and, to a lesser extent, site C. As with the summer event, site A displayed the largest, flashy response with discharge increasing 5-fold between pre-event conditions and peak discharge of the first event, compared to 3-fold increases observed at sites C and F. Unlike the summer event, however, the response times between precipitation onset and peak discharge were very similar at sites A and C for the first ($18 h), second ($7h) and third ($12 h) winter events. This comparatively faster response time at site A, relative to site C, than observed during the summer event can be explained by the activation of the subsurface field drains in mini-catchment A, which by late-November are flowing continuously due to the rise in groundwater levels and so providing a preferential pathway for the transport of event water into the river. 
Catchment water balance
Annual evapotranspiration (E T ) estimates for mini-catchments A, C and F were derived using a simple catchment water balance approach (Table 5 ). The surface runoff (S R ) and groundwater discharge (G R ) components of total river flow (Q), calculated using hydrograph separation, were subtracted from annual precipitation totals to yield evapotranspiration estimates over the minicatchment areas.
Mini-catchment A experienced the highest mean annual evapotranspiration rate (548 mm), accounting for $ 80% of total precipitation and yielding a mean annual effective precipitation total of 139 mm. This compares with mini-catchment C which had a significantly (p < 0.05) lower mean annual evapotranspiration rate of 408 mm, accounting for 59% of total precipitation and yielding a mean annual effective precipitation total of 279 mm. This difference can be explained by the lower permeability of the argillaceous deposits underlying mini-catchment A, which reduce infiltration rates and leave more water available near the soil surface for evapotranspiration. In mini-catchment C, the high permeability sandy Briton's Lane Formation deposits readily allow infiltration down to the shallow groundwater, which then supplies greater groundwater discharge in support of river baseflow. A direct consequence of the lower effective precipitation totals in mini-catchment A is that this area is more susceptible to drought and increases the risk of the river in this part of the catchment drying up completely during the summer months. Evidence for this can be seen in Fig. 6 , where the minimum summer flow recorded at site A (0.0004 m 3 s
À1
) was an order of magnitude lower than observed at site C (0.0049 m 3 s À1 ), despite the area of mini-catchment A being 54%
larger than mini-catchment C. Groundwater storage coefficients were also estimated using the borehole hydrograph method (Hiscock and Bense, 2014) . This was achieved by dividing the annual groundwater discharge (G R ) found by stream hydrograph separation by the change in amplitude of groundwater (Dh) in the shallowest borehole (Table 5 ). This yielded mean groundwater storage coefficients of 0.027 for the Bacton Green Till Member and 0.216 for the Briton's Lane Formation, values comparable with those reported previously for Quaternary glaciogenic deposits (Morris and Johnson, 1967) .
Conceptual models
Interpreting these high-resolution monitoring data, it is possible to construct conceptual models of hydrological processes across areas of contrasting hydrogeological conditions (e.g. Rozemeijer and Broers, 2007) within the Blackwater Drain subcatchment (Figs. 12 and 13 ).
In the western section, the low permeability, argillaceous superficial deposits of the Sheringham Cliffs Formation Bacton Green Till Member and Lowestoft Formation restrict rainwater infiltration and inhibit recharge to the underlying confined Wroxham Crag and Cretaceous Chalk aquifers. This reduced downward movement of water leads to increased risk of soil saturation -as detected by soil moisture probe monitoring down to 90 cm depth -and consequent activation of surface runoff pathways during heavy precipitation events as infiltration capacity is exceeded -as determined by river discharge monitoring with pressure transducers. This produces a river with a comparatively low groundwater/surface water ratio (BFI = 0.50) -as determined by hydrograph separationwhere river levels vary widely from low in summer to high in winter. Agricultural field drains artificially lower the water table in the Bacton Green Till Member during the winter months to prevent waterlogging in the root zone, providing a quickflow pathway for the export of water into the surface watercourse -as determined by measuring field drain discharges and borehole monitoring of groundwater levels. The Holocene alluvium and river terrace deposits are usually in hydraulic continuity with the associated river -as determined by piezometer monitoring of hydraulic conductivity within the hyporheic zone down to 1.5 m depth. Within the Bacton Green Till, frequent bands of oxidised iron reveal evidence of water flow through lateral and vertical fissures, as inferred by Hiscock and Tabatabai Najafi (2011) , within these otherwise low permeability deposits (Table S1 ). At greater depth the glaciolacustrine and glaciofluvial sands of the Sheringham Cliffs Formation provide a zone of increased permeability and can become saturated forming a shallow aquifer, as determined through borehole monitoring of groundwater levels and water strike depths.
In contrast, in the eastern section the high permeability sands of the Briton's Lane Formation allow for rapid infiltration of precipitation (derived from 15-min resolution rain gauge measurements) Table 5 Annual catchment water balance for mini-catchments A, C and F in the Blackwater Drain sub-catchment. P = precipitation; S R = surface water runoff; G R = groundwater discharge; E T = evapotranspiration; Dh = amplitude of groundwater level change; S = groundwater storage coefficient. away from the soil surface. This reduces the potential for soil saturation -as determined from soil moisture probes -and the initiation of surface runoff as determined by monitoring of river discharge storm event response. This negates the requirement for artificial field drainage -reducing the availability of artificial quickflow pathways in this part of the catchment -and produces a river with a comparatively high groundwater/surface water ratio (BFI = 0.78) and stable year round water levels -as determined by pressure transducer river stage monitoring. Saturation of the Briton's Lane sands forms a shallow aquifer that rests above lower permeability deposits of the Sheringham Cliffs Formation glaciolacustrine clayas determined from borehole groundwater level monitoring. As presented by , interdigitation of the glacial tills with glaciofluvial and glaciolacustrine sands provides a zone of saturated throughflow that sits above the confining layer of the lowpermeability Lowestoft Formation. The Lowestoft Till Member inhibits recharge to the underlying Happisburgh Formation and Cretaceous Chalk aquifers, which are largely in hydraulic continuity. In both the eastern and western sections of the Blackwater Drain catchment, the channel morphology (e.g. sinuosity, gradient, connectivity, pools, riffles) and within-channel processes (e.g. density of emergent and submergent macrophyte growth), will impact upon the hydrological functioning of these river systems (e.g. storm event response times), although these are not currently monitored as part of the Wensum DTC research project.
Implications for agricultural management practices
The hydrogeological characteristics of this region have a number of important implications for land management practices, particularly in relation to the implementation of on-farm mitigation measures to reduce agricultural water pollution. Some example measures are considered below: (i) Winter cover crops -evidence from the high-resolution soil moisture probe data demonstrates that the sandy soils and sandy deposits of the Briton's Lane Formation in the east of the catchment are highly vulnerable to nutrient (principally nitrate) and pesticide leaching into the shallow groundwater. The use of cover crops to provide overwinter soil cover has been shown to significantly reduce nutrient leaching losses by taking up both excess fertiliser and excess soil moisture (Dabney et al., 2001; Stevens and Quinton, 2009 ) and would therefore be recommended as an on-farm pollution mitigation measure in this area. The soil moisture probe data also reveal that the western section of the catchment under clay-rich soils suffers from restricted infiltration below 20 cm depth and is therefore at increased risk of soil saturation and the generation of erosive surface runoff. The use of deep-rooting cover crop varieties, such as oilseed radish (Cooper et al., 2017) , would be recommended for these conditions as they can help to break up compacted soil and create larger pores and fissures which increase permeability and infiltration rates and help to transport water away from the soil surface. (ii) Reduced tillage -the short response times observed in river flow, soil moisture content and groundwater levels to precipitation events in the sandy mini-catchment C reflect the limited capability of these soils and superficial deposits to retain water. This rapid transport of event water into surface watercourses provides reduced opportunities for pollutant attenuation and thereby elevates water pollution risk. Reduced tillage practiced over several years has been shown to increase soil organic carbon contents, which in turn can improve both the structural stability and water holding capacity of the soil, thus helping to slow storm event response times in sandy catchments (Holland, 2004; Soane et al., 2012) . (iii) Application timing -agricultural field drains have been shown to act as important preferential pathways for the export of soil water into the river network under clay-rich soils. This pathway is most active between October and March when drain flows are high and thus application of agrochemicals during this period will carry increased water pollution risk. Where possible, applications outside of this period would be recommended to reduce pollutant mobility within the environment. However, it should also be noted that river discharge was very low during the summer months where argillaceous deposits predominated and this carries with it the risk of concentrating riverine pollutants during the most ecologically sensitive season if measures are not put in place to reduce agrochemical input at this time. Whilst it will not always be agronomically feasible to cease agrochemical applications, the high-temporal resolution water quality monitoring presented here can at least assist in demonstrating the scale and timing of water and nutrient losses out of agricultural areas and make farmers aware of the need to consider best practices for how and when to make fertiliser and pesticide applications.
The interpretations made here are applicable not just to southeast England, but also more widely across northwest Europe (Eissmann, 2002; Kasse, 2002) and North America (Fortin et al., 1991; Gleeson et al., 2014; Ross et al., 2004) , where similar Quaternary glaciogenic geology can be found. In Denmark, for example, Tertiary and Cretaceous Limestone in the east of the country is overlain by complex sequences of sandy/clayey tills and sandy/gravelly glacial outwash deposits, resulting in a very similar hydrogeological setting to the Blackwater Drain sub-catchment (Jørgensen and Stockmarr, 2008 ). Denmark's rivers are also largely groundwater fed, as in southeast England, and the landscape is similarly dominated by agriculture (62%; European Environment Agency, 2018) and thus experiences many of the same issues with diffuse water pollution raised here which necessitate the adoption of on-farm mitigation measures (Jørgensen and Stockmarr, 2008; Thomsen et al., 2004 
Conclusions
This study has demonstrated how automated telemetered sensor technology can be applied to generate high-temporal resolution empirical datasets of hydrological and meteorological parameters from which conceptual models of catchment hydrogeological processes can be developed. The importance of improving our understanding of hydrogeological processes cannot be emphasised strongly enough, as ultimately it is the catchment hydrogeology which determines pollutant mobility within the environment as well as within-river pollutant behaviour. Gathering of such detailed datasets enables a more robust assessment to be made of the likely effectiveness of deploying on-farm mitigation measures to reduce agricultural water pollution, and this enhanced knowledge can help underpin the development of more effective, integrated and holistic river basin management plans incorporating groundwater -surface water interactions. Fig. 13 . 3-D conceptual models of hydrogeological processes in the western (left) and eastern (right) sections of the Blackwater Drain sub-catchment. Blue arrows denote the major flow paths monitored as part of the Wensum DTC platform; black labels highlight the Wensum DTC monitoring infrastructure; red boxes denote processes not currently monitored, but which likely impact upon fluvial dynamics. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
